The use of plasma deposited organic thin films as the interlayer component in organic solar cells applications is demonstrated for the first time. Up to 20% increase in solar cell device performance was observed when an interlayer deposited from the vapor of 4-methylthiazole was used. This work demonstrates the potential of plasma deposition of organic films to be integrated in fabrication of organic solar cells with superior properties.
Introduction
Controlling and tuning the properties of interfaces in semiconducting devices is essential to achieve high performance and stability. [1] [2] [3] [4] [5] The physical as well as electronic contact between electrode materials and the active semiconducting components of devices must be appropriately aligned. Interlayer materials are often used to achieve the desired outcome by changing the physical properties of surfaces. [5] Properties including surface roughness, surface energy (i.e. hydrophobicity and hydrophilicity) and workfunction can be tuned to attain intimate physical and electronic contact between various device layers. [6, 7] In organic solar cells, interlayers can also selectively block charges [3, 8] and affect the molecular order of the thin films [9] resulting in improved device performance. There are several types of interlayers currently in use in organic solar cells. [1, 10] One of the more interesting example is the use of polyethylenimine (PEI) as workfunction modifying interlayers in organic electronic devices. [11] The workfunction of a number of metal oxides and metals can be changed by applying a thin layer of the polymer on the surface. This resulted in better electronic contact between the electrode material and the active semiconducting materials. This work inspired us to examine thin polymer layers deposited by plasma deposition for application in interface modification.
Plasma deposition of organic films has become a hot topic of investigation to produce functional coatings for a variety of applications including antibaterial films and nanocapsules for drug delivery. [12] [13] [14] Plasma deposition is an attractive process because it is solvent-free, the process is independent of substrate and generates smooth pinhole-free films with good adhesion properties (Figure 1a) . [15] It is important to note here that plasma deposition of organic materials is significantly different to most deposition techniques (e.g. spin coating, splutter coating, chemical vapour deposition, etc.) because chemical reaction occurs in the plasma leading to chemical bonding and crosslinking of precursor molecules to form polymeric films. There are only a few studies in the literature that used plasma deposited polymeric materials for electronic applications. [16] [17] [18] [19] [20] [21] The majority of these studies were focused on the conducting properties of doped films. Investigations into semiconducting properties of plasma deposited organic films has been rare. [19] For this reason, we were encouraged to explore the possibility of generating organic films by plasma deposition in semiconducting device applications. The use of plasma as a deposition method in organic semiconducting devices have the added advantage of process simplification. This is because the deposition process can be blended with one of the most commonly applied process in the fabrication of organic electronic devices which is the oxygen plasma cleaning of the inorganic device substrate. It is envisaged that the device fabrication process will be simplified if the interlayer film can be deposited directly after the oxygen plasma cleaning in the same plasma chamber. Furthermore, organic films deposited from plasma typically have strong bonding to the substrate which is expected to benefit device performance. 
Results and Discussion
To begin with, four organic precursors was selected for plasma deposition. These included thiophene, 4-methylthiazole, allylamine and heptylamine. Thiophene was chosen as one of the organic precursors because it was examined previously in conductivity measurements after doping. [18, 19] However, in these cases, plasma deposition of thiophene produced films that were partially oxidized and highly crosslinked. 4-Methylthiazole was chosen as a nitrogen-
containing analogue of thiophene while allylamine and heptylamine would potentially result in polymer structures similar to these proven to be beneficial as interlayers, as recently published. [11] To deposit plasma polymerised films, deposition was carried out in Continuous Wave (CW) mode. The samples were placed in the parallel plate plasma chamber (Figure 1b , see SI for details on substrate preparation). The reactor was evacuated to 1×10 -2 mbar and oxygen plasma was applied using power of 50 W at pressure of 1.1×10 -1 mbar for 1 min. The reactor was then again evacuated to base pressure. Then, the precursors were introduced into the chamber with a selected flow rate by a needle valve. A radio frequency (13.56 MHz) generator was used to deliver RF power in the range of 1-50 W via the electrode in the reactor chamber in order to create low temperature plasma. A pulse generator (TTi) and a digital storage oscilloscope (Tektronix, TDS 2024) were added to the power generator circuit to provide the plasma in pulsed mode. In the plasma polymerisation process, the RF powers and the time of the polymerisation were carefully adjusted to achieve appropriate film thicknesses.
The precision in film thickness control (from 2 nm to >50 nm) is important in the application of these films in organic electronic devices. The sample thicknesses were measured by ellipsometry (see SI for experimental details). The deposition conditions were selected in a manner that plasma polymer film thickness increased linearly with deposition time for all precursors used. Figure 2a shows a typical example of thickness growth vs time during deposition of thiophene (data for other monomers can be found in the SI, Figure S2 -S5). Once film thicknesses were determined, the photophysical properties and composition of the films were investigated. The UV-Vis absorption spectrum of the films were recorded (see SI for data on all films, Figure S7 -S10). For the thiophene and 4-methylthiazole samples, the absorption onset was at 400 nm ( Figure 2b and S8 ). This was a clear indication that there is a low degree of -conjugation in the films as observed in previous studies with thiophene. [19] While this was obviously an undesirable outcome in terms of achieving semiconducting organic films, these materials can be used as thin interfacial components in solar cell devices. [1, 11] It is important to note that plasma deposited films with thickness greater than 10 nm behave as electrically insulating films. 
X-ray photoelectron spectroscopy (XPS) was used to examine their elemental composition of the plasma deposited films (Figure 3 ). Table 1 shows the calculated elemental content of the films from the XPS data. It would be reasonable to expect that the ratio of elemental composition of the monomer precursor and that of the films to be similar if there was a high degree of structural retention. This is an important consideration for the thiophene and 4-methylthiazole films as high structural retention is related to the degree of -conjugation in the polymerized films and therefore their semiconducting properties. However, the elemental ratio (C:S) was different for the precursors and the generated films (Table 1 ). In addition, the high oxygen content in all films was indicative of oxidation of the organic films during plasma deposition. These results are not surprising since it is well-know that plasma deposition leads to organic coatings that are very different in composition and structure compared to films deposited using conventional polymerization methods. The precursors are typically fragmented to various degrees and the resulting coating has higher level of crosslinking. The elemental composition of the thiophene coating is consistent with published studies. [19] Figure 3. XPS spectrum of plasma deposited organic films. 
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a Elemental composition of the plasma deposited films with the values for the precursors in brackets; b ratio of carbon to sulphur in the films and the C:S value for the precursor in brackets.
The molecular structure of the films were examined by FTIR analysis. Consistent with the XPS studies, all films showed a broad -OH stretching band in the 3200 cm -1 region and a strong C=O band at 1640 cm -1 indicating oxygen incorporation in the plasma deposition process ( Figure S6 ). Apart from C-H sp 3 stretches and bending vibrations evident in all samples, films deposited with the allylamine precursor [22] showed a C≡N stretch at 2200 cm -1 while 4-methylthiazole films showed C≡N stretch at 2200 cm -1 and C≡C stretch at 2070 cm -1 . Detailed analysis of the FTIR spectra can be found in the supporting information (Table S3 ). The FTIR data provided further evidence that the retention of precursor molecule structure is low in the resulting plasma deposited films with substantial oxidation of the organic material. Atomic force microscopy (AFM) was used to probe the surface of the plasma deposited films. All films were very smooth (RMS roughness = 0.2 nm) and pinhole free (see SI for AFM images, Figure   S11 ).
With data on the physical properties of the polymer films in hand, the next part of the study involved the use of these plasma deposited films in organic solar cell devices. The elemental composition from XPS experiments indicated incorporation of oxygen atoms (5 to 10%) in the organic films (Table 1) . Combining this with the UV-Vis absorption data, it was reasonable to suggest that the chemical structure of the organic precursors was substantially modified into a crosslinked and partially oxidised polymer film. [19, 20, 23] Although such films is normally a poor platform for a semiconducting material, polymers with similar sturctures, such as polyethylenimine ethoxylated (PEIE), has been successfully employed as interlayer components in organic electronic devices. [11] For this reason, it was decided that these plasma deposited organic films would be tested as interlayer materials in bulk heterojunction (BHJ) solar cells.
A device architecture of ITO/ZnO (25 nm)/plasma film (5 nm)/active layer/MoO3 (10 nm)/Ag (100 nm) was used as shown in the Figure 4 (a). The ZnO nanoparticle layer was depsoited by spin coating onto ITO on glass substrate. [24] The plasma film was deposited in a plasma reactor chamber using the optimized conditions described above to achieve controlled film thickness. The active layer (~145 nm) consisted of a blend of poly(3-hexylthiophene)
P3HT and PC61BM in a weight ratio of 1:1 deposited by spin coating from 1,2-dichlorobenzene solution (see SI for details on device fabrication). Figure 4 (b) shows current density vs. voltage characteristics of devices containing various interlayer materials and. Table 2 containing only the ZnO layer showed maximum PCE of 3.1% which was comparable with previously reported devices using the P3HT/PC61BM active layer system. [25, 26] It is noteworthy that devices examined in this work were handled in air. The improved PCE of devices with the 4-methylthiazole interlayer was a result of increased short-circuit current and fill factor. It has been reported that a thin interlayer or self assembled monolayer (SAM) significantly improve electrical contact, adhesion and charge transfer properties of various metal oxides surfaces. [10, 27] In the case of the plasma deposited organic films on ZnO, the surface roughness was reduced for the plasma coated samples compared to the ZnO only sample ( Figure S12 ). The calculated series resistance (Rs) and shunt resistance (Rsh) from the current/voltage device data showed that Rs is reduced and Rsh increased when plasma films were used ( Table 2 ). This enhanced electric contact in the device can be attributed to the passivation of metal oxide surface trap states and it leads to the suppression of recombination at the interface. [28] [29] [30] Further to surface passivation, the amine group in the interlayer material can have favorable dipole alignment at the interface which leads to the efficient charge extraction and hence the enhancement in the OPV device performance. [11, 31] Interestingly, films made using thiophene as the organic precursor gave poor performing devices with PCE of ~0.1% ( Figure S13 ). While the Voc was as expected for P3HT/PC61BM devices, the Jsc and FF were very low. It would appear that photo-generated electrons are strongly recombining in the plasma layer with thiophene precursor compared to nitrogencontaining precursors.
Conclusion
In conclusion, a series of organic polymer films were produced by plasma deposition of small molecule precursors containing sulphur and nitrogen atoms. While the initial aim was to target films with semiconducting properties, it was found that ultra-thin layers of these plasma deposited films can be used as interlayer materials in organic solar cell devices. Performance enhancement was observed for devices with films deposited from nitrogen-containing precursors. With the increasing importance of interface engineering, the method developed in this work may find applicability in a variety of flexible electronic devices.
Supporting Information
Details on the plasma film deposition procedure and characterization of the materials as well as device fabrication and testing can be found in the Supporting Information.
